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We study the radiative decays of the Zc(3900)0 in a hadronic molecule picture, where the Zc(3900) is treated
as a D ¯D∗ + c.c hadronic molecule. The partial widths of Γ(Zc(3900)0 → γηc(2S )) and Γ(Zc(3900)0 → γχc0) are
predicted to be of order 10 keV and the cross sections for σ(e+e− → π0Zc(3900) → π0γηc(2S )) and σ(e+e− →
π0Zc(3900) → π0γχc0) are of order 0.1 pb at 4.23 GeV, which may be accessible for the BESIII and forthcoming
Belle II.
PACS numbers: 14.40.Pq, 13.20.Gd, 12.39.Fe
I. INTRODUCTION
As the first confirmed charged charmoniumlike state,
Zc(3900) was first reported by the BESIII [1] and Belle
[2] Collaborations in the J/ψπ± invariant mass spectrum of
e+e− → π+π−J/ψ at 4.26 GeV. The CLEO Collaboration con-
firmed the existence of the Zc(3900)± in the same process
but at 4.17 GeV and the neutral Zc(3900) was also reported
with a 3σ significance [3]. From the first observed mode of
Zc(3900), i.e. the J/ψπ± mode, one can find that the charmo-
niumlike state Zc(3900) contains at least four quarks. In ad-
dition, the reported mass of the Zc(3900) is close to the D ¯D∗
mass threshold, which indicates this state could be a good can-
didate of the D∗ ¯D + c.c hadronic molecule. These peculiar
properties of Zc(3900) stimulate the theoreticians and experi-
mentalists to further investigate this state.
From the experimental side, after the observation of the
Zc(3900) in the J/ψπ invariant mass spectrum, more decay
modes were searched for. In the hcπ± invariant mass spec-
trum of e+e− → hcπ+π−, no evident signal of the Zc(3900)
is observed and the significance of Zc(3900) is reported to
be 2.1σ [4]. The neutral partner of Zc(3900)± was recently
observed with a significance of 10.4σ in the π0J/ψ invariant
mass spectrum of e+e− → π0π0J/ψ [5]. The Born cross sec-
tions for the e+e− → π0π0J/ψ in the energy range from 4.190
to 4.42 GeV are about half of those e+e− → π+π−J/ψ, which
is consistent with the isospin symmetry expectation for res-
onances. Besides the hidden charm mode, the BESIII Col-
laboration also found Zc(3900) in the open charm process,
such as e+e− → π±(D ¯D∗)∓ [6], where the observed mass and
width are 2σ and 1σ, respectively, below those observed in
the π±J/ψ mass spectrum by BESIII [1] and Belle [2] Collab-
orations. Recently, the BESIII Collaboration [7] confirmed
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the observation of Zc(3900) in e+e− → π±(D ¯D∗)∓ process
with the double D tag technique. And more recently, the
BESIII Collaboration reported their observation of the neu-
tral Zc(3900) in e+e− → π0(D ¯D∗)0 [8]. The cross sections
of σ(e+e− → Zc(3885)0π0, Zc(3885)0 → (D ¯D∗)0) at 4226
MeV and 4257 MeV are reported to be 77 ± 13 ± 17 pb and
49± 9± 10 pb, respectively. In addition, the Compass Collab-
oration [9] performed the search for Zc(3900) from the exclu-
sive photoproduction process and an upper limit for the ratio
B(Zc(3900) → πJ/ψ)×σ(γN → Zc(3900)N)/σ(γN → J/ψN)
of 3.7 × 10−3 was reported at the 90% confidence level.
Since the charged Zc(3900) contains at least four quarks,
Zc(3900) could be a good candidate for the tetraquark state.
Since Zc(3900) is very close to another longstanding char-
mouniumlike state X(3872), it was considered as the charged
partner of the X(3872) in a tetraquark scenario [10]. In Ref.
[11], the authors proposed two tetraquark states Zc(3752) and
Zc(3885), where the latter one was close to the observed
Zc(3900). The decays and the mass of the tetraquark state
corresponding to Zc(3900) were estimated in Refs. [12, 13]
and the spectra of tetrquark states in a potential model also
supported Zc(3900) as a tetraquark state [14]. Besides the
tetraquark interpretation, Zc(3900) had been predicted as the
charmonium analog of the Zb(10610) and Zb(10650) with the
initial single pion emission (ISPE) mechanism [15–17]. In
Ref. [18], the invariant mass distributions of πJ/ψ and π+π−
of Y(4260) → π+π−J/ψ were reproduced by considering the
interferences between the ISPE mechanism and dipion reso-
nance contributions. In Ref. [19], the observed structures of
Zb and Zc were explained as pure coupled channel cusp effects
other than resonances.
The observed mass of the Zc(3900) is very close to the
threshold of D∗ ¯D, which indicates that the Zc(3900) could be
a D∗ ¯D hadronic molecule state. In Refs. [20–22], the poten-
tial of D∗ ¯D had been evaluated and by solving the Schro¨dinger
equation, and they found bound state solution for the D∗ ¯D sys-
tem, which corresponded well to the observed Zc(3900). The
QCD sum rule calculations in Refs. [23, 24] also supported
2that Zc(3900) could be a deuteronlike hadronic molecule state.
In Ref. [25], the electromagnetic structure of the Zc(3900) was
investigated in a D∗ ¯D + c.c framework. The product and de-
cay behaviors of Zc(3900) had been studied in a D∗ ¯D hadronic
molecule scenario with the Weinberg compositeness condition
in Refs. [26, 27], and the theoretical estimations were con-
sistent with the corresponding experimental measurements.
Besides the observed channels, some other decay modes of
Zc(3900) have been studied in the molecule scenario, such as
the ρηc, J/ψπγ [28–31]. All these theoretical studies sup-
ported that Zc(3900) could be assigned as a D∗ ¯D hadronic
molecule state.
In this way, we study the radiative decay of the neutral
Zc(3900) in a D∗ ¯D hadronic molecule framework. The ra-
diative transitions between Z0c (3900) and the charmonia states
are particular modes compared to the charged Zc(3900). The
quark and antiquark in the different components of Z0c (3900)
can annihilate into a photon and the rest charm and anticharm
quark form a charmonium in the final state. Considering the
JPC quantum numbers conservation, Zc(3900)0 can radiatively
transit into ηc, ηc(2S ), and χcJ . In the present work, we will
evaluate these radiative transitions in a molecule scenario with
an effective Lagrangian approach. The results in present work
can provide further information for the experimental search
for the Zc(3900)0, and, on the other hand, the experimental
measurements for these radiative decay processes could be a
crucial test for the molecule interpretation of Zc(3900). At
present, the cross section for e+e− → π0Zc(3900)0 → π0π0J/ψ
has been reported by the BESIII Collaboration, thus, we can
take this process as a scale to calculate the cross section for
e+e− → π0Zc(3900)0 → π0γ(cc¯), where (cc¯) denotes ηc,
ηc(2S ), and χcJ.
This work is organized as follows: The J/ψπ0 and the ra-
diative decays of the Zc(3900)0 in D ¯D∗+c.c molecule scenario
are presented in the following section. The numerical results
for the decays of Zc(3900)0 are presented in Section III, and
Section IV is dedicated to a short summary.
II. J/ψπ0 AND THE RADIATIVE DECAYS OF Z0c (3900)0
In the D ¯D∗ + c.c molecule scenario, the charmoniumlike
state Zc(3900)0 couples to its components dominantly via an
S wave. The simplest effective Lagrangian describing the cou-
pling of Zc(3900)0 and its components is in the form,
LZcD∗D =
gZc
2
Zc(x)
∫
dyΦ(y)
[(
D0(x + ωD∗y) ¯D∗0(x − ωDy)
−D+(x + ωD∗y)D∗−(x − ωDy)
)
+ H.C.)] (1)
where ωD(∗) = mD(∗)/(mD + mD∗ ). The effective correlation
function Φ(y) is introduced to describe the distribution of
D(∗)/ ¯D(∗) in the hadronic molecule Zc(3900)0 and also plays
the role to render the Feynman diagrams ultraviolet finite,
which indicates the Fourier transform of Φ(y) should van-
ish sufficiently fast in the ultraviolet region of the Euclidean
space. In the present work, we adopt a Gaussian form for the
correlation function, which has been widely used to study the
hadronic molecule decays [26, 27, 32–37]. The Fourier trans-
form of the correlation function ˜Φ(y) is in the form,
˜Φ(PE)  exp(−P2E/Λ2), (2)
where PE is the Jacobi momentum in Euclidean space and Λ
is a parameter which characterizes the distribution of compo-
nents in the hadronic molecule. The value of Λ is of order 1
GeV and dependent on a different system [26, 27, 32, 34–37].
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0
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FIG. 1: The mass operator of Zc(3900)0.
The coupling of the hadronic molecule Zc(3900)0 to its
components D ¯D∗ + c.c can be estimated by the compositeness
condition [38, 39]. For a composite particle, the renormaliza-
tion constant of the particle wave function is zero, i.e.,
ZZc = 1 −
dΣZc (s)
ds
∣∣∣∣∣
s=m2Zc
≡ 0, (3)
where ΣZc is the transverse part of the mass operator Σ
µν
Zc of the
hadronic molecule Zc(3900)0, which is is defined as,
Σ
µν
Zc (p) = g
µν
⊥ ΣZc (p) +
pµpν
p2
ΣLZc (p) (4)
with gµν⊥ = gµν − pµpν/p2. From the mass operator presented
in Fig. 1, we can get the concrete form of ΣµνZc as
Σ
µν
Zc (p) = g
2
Zc
∫ d4q
(2π)4
˜Φ2(q − ωD p)
−gµν + qµqν/m2D∗
q2 − m2D∗
× 1(p − q)2 − m2D
,
where p2 = m2Zc and in present calculation, we set mZc = mD +
mD∗ − Eb with Eb to be the binding energy of Zc(3900)0.
A. The decay of Zc(3900)0 → π0 J/ψ
In the hadronic molecule picture, Zc(3900) can decay into
J/ψπ by rearranging the quarks in its components. At the
hadron level, Zc(3900) is treated as a bound state of D ¯D∗ + c.c
and the decay Zc(3900) → πJ/ψ occurs by exchanging a
proper charmed meson as shown in Fig. 2. In the present
work, we estimate these triangle diagrams in an effective La-
grangian approach. Besides the Lagrangian present in Eq. (1),
the couplings of the charmed mesons with pion and J/ψ are
needed, which can be constructed by the heavy quark limit
3and chiral symmetry. The concrete form of the involved La-
grangians is [40–42],
LψD(∗)D(∗) = −igψDDψµ(∂µDD† − D∂µD†)
+gψD∗Dεµναβ∂µψν(D∗α
↔
∂β D† − D
↔
∂β D∗†α )
+igψD∗D∗ψµ(D∗ν∂νD∗†µ − ∂νD∗µD∗†ν
−D∗ν
↔
∂µ D∗ν†),
LD(∗)Dπ = igD∗Dπ(D∗µ∂µπD† − D∂µπ ¯D∗†µ )
−gD∗D∗πεµναβD∗µ∂νπ∂α ¯D∗†β , (5)
where the charm meson isodoublets can be defined as D(∗) =
(D(∗)0, D(∗)+) and π = τ · pi [40].
In the heavy quark limit, the coupling constants among the
charmonia and charmed mesons satisfy [41, 42],
gψDD = 2g2
√
mψmD,
gψD∗D = 2g2
√
mDmD∗/mψ,
gψD∗D∗ = 2g2
√
mψmD∗ , (6)
where g2 =
√
mψ/(2mD fψ) is a gauge coupling with fψ to be
the decay constant of a charmonium ψ. With the center values
of the leptonic partial decay widths, i.e., Γ(J/ψ→ e+e−) =
5.55 ± 0.14 ± 0.02 keV and Γ(ψ(2S ) → e+e−) = 2.36 ±
0.04 keV[43], one can obtain fJ/ψ = 416 MeV and fψ(2S ) =
296 MeV. Considering the chiral symmetry and the heavy
quark limit, the coupling constants among the charmed
mesons and pion can be related to the gauge coupling g by
the relations,
gD∗D∗π = gD∗Dπ/
√
mDmD∗ = 2g/ fπ, (7)
where fπ = 132 MeV is the pion decay constant and g = 0.59
is extracted from the experimental measurement of the partial
decay width of D∗ → Dπ [43].
With the above preparations, we can obtain the ampli-
tudes for Zc(3900)0(p0) ֌ [D(∗)(p1) ¯D(∗)(p2)]D(∗)(q) ֌
J/ψ(p3)π0(p4), which correspond to the diagrams in Fig. 2.
The concrete forms of the amplitudes are,
MA =
∫ d4q
(2π)4
[gZc
2
ǫ
µ
Zc
˜Φ(ωD p1 − ωD∗ p2)
]
×
[
igψD∗D∗ǫνψ(iqρgνλ + ip1λgρν − (iqν + ip1ν)gρλ)
]
×[−gD∗Dπ(ip4α)]
−gρµ + p1µpρ1/m2D∗
p21 − m2D∗
1
p22 − m2D
×−g
λα + qλqα/m2D∗
q2 − m2D∗
,
MB =
∫ d4q
(2π)4
[gZc
2
ǫ
µ
Zc
˜Φ(ωD p1 − ωD∗ p2)
]
×
[
− igψDDǫνψ(−ip1ν − iqν)
][
igD∗Dπ(−ip4α)
]
,
× 1
p21 − m2D
−gαµ + p2µpα2/m2D∗
p22 − m2D∗
1
q2 − m2D
MC =
∫ d4q
(2π)4
[gZc
2
ǫ
µ
Zc
˜Φ(ωD p1 − ωD∗ p2)
]
×
[
gψD∗Dερνλφ(ipρ3)ǫνψ(−iqφ + ipφ1)
]
×
[
− gD∗D∗πεαβκδ(ipβ4)(−ipκ2)
] 1
p21 − m2D
×−g
α
ν + p2νpα2/m
2
D∗
p22 − m2D∗
−gδν + qνqδ/m2D∗
q2 − m2D∗
. (8)
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FIG. 2: Diagrams contributing to the decay Zc(3900)0 → π0 J/ψ.
The total amplitude of Zc(3900)0 → J/ψπ0 is,
MTotZc(3900)0→π0 J/ψ = 4(MA +MB +MC), (9)
where the factor 4 comes from the isospin and charge symme-
try. After performing the loop integral in the amplitudes, the
total amplitude of Zc(3900)0(p0) → J/ψ(p3)π0(p4) can reduce
to the form,
MTotZc(3900)0→π0 J/ψ = ǫ
µ
Zcǫ
ν
ψ(gS gµν + gD p3µp4ν), (10)
where the coupling constants gS and gD can be estimated from
the loop integral of the amplitudes.
B. The radiative decay of Zc(3900)0
For the neutral Zc(3900), the light quarks in the meson
components are the same; thus, the radiative transition to the
conventional charmonium can occur via annihilating the light
quarks. In the present work, we consider Zc(3900)0 radia-
tively decaying into ηc(1S )/ηc(2S ), χc0 and χc1 in an effective
4Lagrangian approach. The involved effective Lagrangians of
charmonium and charmed mesons are [40–42]
LηcD(∗)D(∗) = igηcD∗DD∗µ(∂µηcD† − ηc∂µD†) + H.C.
− gηcD∗D∗εµναβ∂µD∗νD∗†α ∂βηc,
LχcJ D(∗)D(∗) = −gχc0DDχc0DD† − gχc0D∗D∗χc0D∗µD∗µ†
+igχc1DD∗χ
µ
c1(D∗µD† − DD∗†µ ), (11)
where the coupling gηcD∗D and gηcD∗D∗ can be related to the
gauge coupling g2 by [41],
gηcD∗D = 2g2
√
mηc mDmD∗
gηcD∗D∗ = 2g2mD∗/
√
mηc (12)
and the coupling related to ηc(2S ) can be evaluated with the
above relation by replacing the mass of ηc with ηc(2S ) and the
mass and decay constants of J/ψ in g2 with the corresponding
values for ψ(2S ). As for the coupling constants related to χc0
and χc1, in the heavy quark limit, they can be related to the
gauge coupling g1 by,
gχc0DD = 2
√
3g1
√
mχc0 mD,
gχc0D∗D∗ =
2√
3
g1
√
mχc0 mD∗ ,
gχc1D∗D = 2
√
2g1
√
mχc1 mDmD∗ , (13)
where g1 = −
√
mχc0/3/ fχc0 and fχc0 = 0.51 GeV is the decay
constant of χc0 [42].
For the discussed radiative decay process, we still need the
effective Lagrangians for γDD and γD∗D∗, which can be con-
structed from the Lagrangians for the free scalar and massive
vector fields by minimal substitution ∂µ → ∂µ + ieAµ, and the
concrete form of the Lagrangians is [44],
LDDγ = ieAµD−
↔
∂
µ
D+,
LD∗D∗γ = ieAµ
{
gαβD∗−α
↔
∂
µ
D∗+β + g
µβD∗−α ∂
αD∗+β
−gµα∂βD∗−α D∗+β
}
, (14)
where the neutral interactions vanish. The interaction of
D∗Dγ is in the form,
LD∗Dγ =
{
e
4
gD∗+D+γεµναβFµνD∗+αβD
+
+
e
4
gD∗0D0γεµναβFµνD∗0αβD0
}
+ h.c . (15)
where Fµν = ∂µAν − ∂νAµ and D∗0,+µν = ∂µD∗0,+ν − ∂νD∗0,+µ are
the stress tensors of the photon and vector charmed meson,
respectively. The introduced coupling constants gD∗Dγ can be
evaluated by the corresponding partial decay width of D∗ →
Dγ. According to the center values of the PDG average for the
branching ratio of D∗+ → D+γ and the total width of D∗+, we
can roughly estimate gD∗+D+γ ≃ 0.5 GeV. However, as for the
neutral case, the D∗0 total width is kept unknown. Considering
the isospin symmetry of the strong decay processes, we can
relates the partial width of D∗0 → D0π0 to the one of D∗+ →
D+π0 by [45],
Γ(D∗0 → D0π0) ≃ PSD∗+→D+π0
PSD∗0→D0π0
Γ(D∗+ → D+π0), (16)
where PSD∗→Dπ0 is the phase space of D∗ → Dπ0. The phase
space factor is introduced due to the small phase spaces of the
decay processes. With this relation, we can evaluate the partial
width of D∗0 → D0π0. Together with the ratio of Γ(D∗0 →
D0π0) and Γ(D∗0 → D0γ0), Γ(D0π0)/Γ(D0γ) = 1.74 ± 0.02 ±
0.13 [43], one can estimate the partial decay width of D∗0 →
D0γ and then the coupling constant gD∗0D0γ. Here, we adopt
the center value of the partial width ratio and obtain gD∗0D0γ ≃
2.0 GeV.
(b) (c)(a)
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FIG. 3: Diagrams contributing to the radiative decay Zc(3900) →
ηcγ. The diagrams related to ηc(2S ) can be obtained by replacing ηc
with ηc(2S ) in the diagrams.
With the above effective Lagrangian, we can construct the
amplitudes of Zc(3900)0(p0) → γ(p3)ηc(p4), which corre-
spond to the diagrams in Fig. 3. After loop integral, the am-
plitudes can be reduced as,
MTriZc(3900)0→γηc(1S ) = ǫ
µ
Zcǫ
ν
γ(gTriS gµν + gTriD
pµ3 p
ν
4
p3 · p4
). (17)
One should notice that this amplitude satisfies the gauge in-
variance of the photon field only when gTriS = −gTriD , but actu-
ally, this equation does not hold if only triangle diagrams are
included. From the interaction of ηc and D∗D in Eq. (11),
one can construct a four point interaction ηcD∗Dγ by minimal
substitution, which is,
LηcD∗Dγ = gηcD∗DγD∗µηcAµD† + H.C. (18)
With this four point effective interaction, we find that the con-
tact diagram in Fig. 4 will also contribute to the radiative
decay Z0c (3900) → γηc. The amplitude of the contact diagram
is in the form,
MConZc(3900)0→γηc =
∫ d4q
(2π)4
[gZc
2
ǫ
µ
Zc
˜Φ(ωD p1 − ωD∗ p2)
]
×
[
gηcD∗Dγǫ
ν
γ
] 1
(p0 − q)2 − m2D
−gµν + qµqν/m2D∗
q2 − m2D∗
,(19)
which can be further reduced into the form [46],
MConZc(3900)0→γηc = g
Con
S ǫ
µ
Zcǫ
ν
γgµν. (20)
Then the total amplitude of Zc(3900)0 → γηc is the sum
of the contributions from the triangle diagrams and contact
5Zc(3900)
0
D
D¯∗
γ
ηc
FIG. 4: Contact diagrams contributing to the radiative decay
Zc(3900) → ηcγ.
diagram, i.e.,
MTotZc(3900)0→γηc = M
Tri
Zc(3900)0→γηc +M
Con
Zc(3900)0→γηc
= ǫ
µ
Zcǫ
ν
γ
[(
gTriS + g
Con
S
)
gµν + gTriD
pµ3 p
ν
4
p3 · p4
]
,
(21)
which should be satisfy with the gauge invariance of the pho-
ton field and gTriS + gConS = −gTriD . In our calculations, we
find that the gTriS + gConS is only approximately equal to the
−gTriD . This small discrepancy could come from the contribu-
tions of the triangle diagrams with highly excite state, such
as D(2S ), D∗(2S ), as exchanged mesons. Fortunately, as
present in Eq. (20), the contact diagram only contribute to
the S− wave term; thus, we can estimate the dominate contri-
butions from the triangle diagrams and impose the condition
gTriS +g
Con
S = −gTriD to keep the gauge invariance of the total am-
plitude of Z0c (3900) → γηc, and the amplitude can be further
expressed as,
MTotZc(3900)0→γηc = g
Tri
D ǫ
µ
Zcǫ
ν
γ
[
gµν −
pµ3 p
ν
4
p3 · p4
]
, (22)
where the coupling constants gTriD can be evaluated form loop
integral of the amplitudes related to the triangle diagrams in
Fig. 3.
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FIG. 5: Diagrams contributing to the radiative decays Zc(3900) →
χcJγ (J = 0, 1).
The possible diagrams contributing to Zc(3900)0 →
γχcJ , (J = 0, 1) are presented in Fig. 5. With the effec-
tive Lagrangians list in Eqs. (11) -(15), one can construct
the amplitudes corresponding to Figs. 5(a)-5(d). As for the
Zc(3900)0(p0) → γ(p3)χc0(p4) process, the amplitudes can be
reduced into the form,
MTotZc(3900)0→γχc0 = gZcχc0γεµναβǫ
µ
Zcǫ
ν
γp
α
3 p
β
4, (23)
which is gauge invariant for the photon fields and the coupling
constants gZcχc0γ can be estimated by the loop integral of the
amplitudes corresponding to Figs. 5(a) and 5(b).
As for the Zc(3900)0 → γχc1, the amplitudes corresponding
to Figs 5(c) and 5(d) can be reduced into the form
MTriZc(3900)0→γχc1 = ǫ
µ
Zcǫ
ν
γǫ
α
χc1
( f Tri1 p3αgµν + f Tri2 p3µgνα
+ f3 p0νgαµ). (24)
In the Zc(3900)0 rest frame, we have p0 = {mZc , ~0}, while the
zero component of the photon polarization vector is zero, i.e.,
ǫ0γ = 0, thus, ǫνγp0ν = ǫ0γ p00 − ~ǫγ~p0 ≡ 0. With this equation, the
term related to f3 vanishes. In addition, Zc(3900)0 decays into
γχc1 via the P wave and F wave, but in Eq. (24), Zc(3900)0
couples to γχc1 only via the P wave, which leads to the am-
plitudes not being gauge invariant. The reason is that in the
coupling of ZcD∗D and χc1D∗D, only the lowest partial wave,
the S wave, is considered, but actually, Zc(3900) and χc1 can
also couple to D∗D via the D wave. If the higher partial wave
couplings are considered in the effective Lagrangians in Eqs.
(5) and (14), an additional term proportional to pµ3 pν4 pα3 will
appear in the reduced amplitude. Then, the reduced ampli-
tude of Zc(3900)0 → γχc1 should be,
MZc(3900)0→γχc1 = ǫµZcǫ
ν
γǫ
α
χc1
( f ′1 p3αgµν + f ′2 p3µgνα
+g1
p3µp4νp3α
p3 · p4
)
. (25)
Comparing to the S wave coupling, the D wave coupling
should be suppressed. In addition, the higher partial wave
coupling will be important in the large momentum region, but
the correlation function in the loop integral will be further sup-
pressed in this region. Thus, we suppose, the D wave coupling
in the vertexes Zc(3900)D∗D and χc1D∗D will only contribute
to the term g1 p3µpν4 p
α
3 and f ′1,2 ≃ f Tri1,2 . To satisfy the gauge
invariance of the photon field, the coupling constants in Eq.
(25) should satisfy g1 = −( f ′1 + f ′2) ≃ −( f Tri1 + f Tri2 ). In our
calculation, we also find f Tri1 and f Tri2 are in different signs and
( f Tri1 + f Tri2 ) is much smaller than the absolute values of f Tri1
and f Tri2 , which is consistent with our analysis. With these as-
sumptions, we have the following gauge invariant amplitude,
MTotZc(3900)0→γχc1 = ǫ
µ
Zcǫ
ν
γǫ
α
χc1
( f Tri1 p3αgµν + f Tri2 p3µgνα
−( f Tri1 + f Tri2 )
p3µp4νp3α
p3 · p4
)
. (26)
With the amplitudes in Eqs. (10), (22), (23) and (26), we
can estimate the corresponding partial decay width by,
Γ(Zc(3900)0 → f ) = 13
1
8π
|~p f |
m2Zc
∣∣∣MZc(3900)0→ f
∣∣∣2, (27)
where the overline indicates the sum over the polarization vec-
tors of the vector particles and ~p f is the momentum of the final
state in the Zc(3900)0 rest frame.
6III. NUMERICAL RESULTS AND DISCUSSION
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FIG. 6: (Color online) The coupling constant gX depending on the
parameter Λ and binding energy.
Considering Zc(3900)0 as a D ¯D∗ + c.c hadronic molecule,
the coupling gZc can be estimated from the compositeness con-
dition that we presented in the last section. Here, we take sev-
eral typical values of the binding energy for Zc(3900)0, which
are 5, 10, 15 and 20 MeV. The Λ dependence of the cou-
pling constants gZc is presented in Fig. 6. The coupling gZc
monotonously decreases with the increasing of Λ and in par-
ticular, taking Eb = 5 MeV as an example, varyingΛ from 0.5
to 1.0 GeV, we get the value for gZc from 12.9 to 11.2 MeV.
For a certain Λ, the coupling increases with the increasing of
the binding energy.
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FIG. 7: (Color online) The partial decay width of Zc(3900)0 →
π0 J/ψ depending on the parameter Λ and binding energy.
The partial decay width of Zc(3900)0 → π0J/ψ is presented
in Fig. 7. In the discussed Λ range, the partial decay width
of Zc(3900)0 → π0J/ψ increases from 0.5 MeV to 2.1 MeV
for Eb = 5 MeV, while for Eb = 20 MeV, the partial decay
width can reach up to 3.2 MeV whenΛ = 1.0 GeV is adopted.
Assuming the charmoniumlike states observed in Y(4260) →
π±(D∗D)∓ and Y(4260) → π±(π∓J/ψ) are the same state, one
can obtain the ratio of the partial decay width for J/ψπ and
D∗D [6],
Γ(Zc(3900)± → (D ¯D∗)±)
Γ(Zc(3900)± → π±J/ψ)) = 6.2 ± 1.1 ± 2.7, (28)
With the assumption that these two modes are the dominant
decay modes of Zc(3900)± and using the PDG average value
of the Zc(3900) width ΓZc(3900) = 35 ± 7 MeV [43], one can
estimate the partial decay width Γ(Zc(3900)± → π±J/ψ) to be
2.7 ∼ 9.8 MeV. Considering the isospin symmetry, we can
get Γ(Zc(3900)0 → π0J/ψ ≃ Γ(Zc(3900)± → π±J/ψ). Our
estimation of the partial decay width for Zc(3900) → π0J/ψ
is consistent with the experimental measurements in the dis-
cussed parameter range.
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FIG. 8: (Color online) The partial decay width of Zc(3900)0 →
γηc(1S ) (left panel) and the ratio Rγηc(1S ) (right panel) depending on
the parameter Λ and binding energy.
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FIG. 9: (Color online) The same as Fig. 8 but for Zc(3900)0 →
γηc(2S ).
We estimate the radiative decay of Zc(3900)0 to the conven-
tional charmonia in the D ¯D∗+c.c hadronic molecule scenario.
To further reduce the parameter dependence of the radiative
decay width, we define the ratio of the radiative partial decay
7width to the one for Zc(3900)0 → π0J/ψ as,
Rγ(cc¯) =
Γ(Zc(3900)0 → γ(cc¯))
Γ(Zc(3900)0 → π0J/ψ) (29)
where (cc¯) = (ηc(1S ), ηc(2S ), χc0, χc1). In addition, the cross
section of e+e− → π0π0J/ψ and the ratio of σ(e+e− →
π0Zc(3900)0 → π0π0J/ψ) to σ(e+e− → π0π0J/ψ) have been
reported by the BESIII Collaboration [5]. Here, we notice that
the cross sections for e+e− → π0Zc(3900)0 → π0π0J/ψ are
relative large at Ec.m. = 4.230 GeV and Ec.m. = 4.260 GeV,
and the cross section for e+e− → π0Zc(3900)0 → J/ψπ0π0
is about 9.9 ± 2.1 pb and 4.0 ± 1.2 pb, respectively. With
the ratio of Rγ(cc¯) and the measured cross section for e+e− →
π0Zc(3900)0 → π0π0J/ψ, we can roughly estimate the cross
section for e+e− → π0Zc(3900)0 → π0γ(cc¯) at these two
energy points, which would be useful for the experimental
search for Zc(3900)0 in its radiative decay modes.
The Λ dependence of the partial decay width for
Zc(3900)0 → γηc(1S ) and the ratio Rγηc(1S ) are presented in
Fig. 8. The partial width for Zc(3900)0 → γηc(2S ) is evalu-
ated to be of order keV. In particular, for the case of Eb = 5
MeV, the partial decay width for Zc(3900)0 → γηc(1S ) varies
from 0.7 to 1.5 keV when Λ increasing from 0.5 to 1 GeV,
while for the case of Eb = 20 MeV, this partial width in-
creases from 1.0 to 2.3 keV. As for the ratio Rγηc(1S ), it is
of order 10−3 and very weakly dependent on the binding en-
ergy of Zc(3900)0. This ratio decreases from about 1.6× 10−3
to 0.7 × 10−3 as Λ increases from 0.5 to 1.0 GeV. With this
ratio, the upper limit of the cross section at 4.220 is 19 fb,
which is too small to be observed. The partial decay width
for Zc(3900)0 → γηc(2S ) and the ratio Rγηc(2S ) are presented
in Fig. 9. Comparing to the process Zc(3900)0 → γηc(1S ),
we find the partial width for Zc(3900)0 → γηc(2S ) is nearly
10 times larger than the one for Zc(3900)0 → γηc(1S ). The
partial width Zc(3900)0 → γηc(2S ) can reach up to 17 keV
and the ratio Rγηc(2S ) varies from 15 × 10−3 to 5 × 10−3
with Λ increasing from 0.5 to 1 GeV. The cross section for
e+e− → π0Zc(3900)0 → π0γηc(2S ) can be as high as 0.18 pb
at 4.23 GeV.
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FIG. 10: (Color online) The same as Fig. 8 but for Zc(3900)0 → γχc0.
The partial width for Zc(3900)0 → γχc0 and the ratio
Rγχc0 are presented in Fig. 10. The partial decay width of
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FIG. 11: (Color online) The same as Fig. 8 but for Zc(3900)0 → γχc1.
Zc(3900) → γχc0 is larger than the one for Zc(3900)0 →
γηc(2S ), it reaches up to 45 keV when Λ = 1.0 GeV and
Eb = 20 MeV. Zc(3900)0 decays into γηc/ηc(2S ) via the S−
and D−wave, but into γχc0 via the P− and G(F)−wave. How-
ever, one has to notice that in the D ¯D∗ hadronic molecule
scenario, Zc(3900)0 decays into γηc/ηc(2S ) via the triangle
diagrams in Fig. 3, where both D(∗)D(∗)γ and D(∗)D∗ηc are
P− wave coupling, but in the Zc(3900)0 → γχc0 process,
the D(∗)D(∗) couples to χc0 via S− wave. Thus, it is under-
standable that the partial width for Zc(3900)0 → γχc0 is larger
than the one for Zc(3900) → γηc(2S )/ηc(1S ). The ratio Rγχc0
can reach up to 3.0 × 10−2, which indicates the cross section
for e+e− → π0Zc(3900)0 → π0γχc0 can be up to 0.36 pb at
4.230 GeV and 0.15 pb at 4.260 GeV. The partial width for
Zc(3900)0 → γχc1 and the ratio Rγχc1 are presented in Fig. 11.
The partial width is about two orders smaller than the one for
Zc(3900)0 → γηc(1S ), which indicates Zc(3900)0 → γχc1 is
very hard to detect.
IV. SUMMARY
As the neutral partner of Zc(3900)±, Zc(3900)0 can radia-
tively decay into conventional charmonium via annihilating
the light quark and antiquark, which provides further oppor-
tunity to test different interpretations to Zc(3900). In present
work, we estimated the partial widths for Zc(3900)0 radiative
decays in the hadronic molecule scenario, where Zc(3900)0 is
treated as a molecule state of D ¯D∗+ c.c. Our estimations indi-
cated that in the discussed parameter range, the partial widths
for Zc(3900)0 → γηc(2S ) and Zc(3900)0 → γχc0 are of or-
der 10 keV, while the partial widths for Zc(3900)0 → γηc and
Zc(3900)0 → γχc1 are of order keV and less than 1 keV, re-
spectively.
In this calculation we found the partial widths are de-
pendent both on the parameter Λ introduced by the corre-
lation function and the binding energy of Zc(3900)0. To
further reduce the parameter dependence of our results, we
took Zc(3900)0 → π0J/ψ as a scale and estimated the ra-
tio of the partial width of the discussed radiative decay to
Zc(3900)0 → π0J/ψ. The results showed that the ratios are
8very weakly dependent on the binding energy of Zc(3900)0.
With the evaluated ratios Rγ(cc¯) and measured cross sec-
tion e+e− → π0Zc(3900)0 → π0π0J/ψ, we roughly esti-
mated the cross section for e+e− → π0Zc(3900)0 → π0γ(cc¯),
where (cc¯) denotes ηc(1S ), ηc(2S ), χc0 or χc1. Our calcu-
lation showed that the cross sections for χc1 and ηc(1S ) are
too small to be observed, while for ηc(2S ) and χc0, the cross
section can reach up to 0.18 and 0.36 pb, respectively, at
Ecm = 4.230 GeV. Experimentally, with current integrated lu-
minosity that BESIII has accumulated at 4.23 GeV, the pro-
cess e+e− → π0Zc(3900)0 → π0γχc0/ηc(2S ) may be searched
for without the reconstruction of the χc0/ηc(2S ) signals and
with only γπ0 identified, where γπ0 recoil mass could be re-
quired to be within the χc0/ηc(2S ) mass region to reduce the
backgrounds and the Zc(3900) signals could be searched for
in the recoil mass distribution of π0. Such research can also
be done in the forthcoming Belle II experiment via initial state
radiation.
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